The cosmic infrared background (IRB) at wavelengths between 1 µm and 3 µm provides a useful probe of early star-formation prior to and during reionization. To explain the high optical depth to electron scattering, as measured by the Wilkinson Microwave Anisotropy Probe (WMAP), one requires significant star-formation activity at redshifts 10 and higher. We study the relative contributions from first stars, supernovae and quasars to the infrared background (IRB) for reasonable star formation rates at high redshift. In addition to massive stars, the IRB flux may be contributed by a population of early miniquasars. Current background measurements limit the fraction of mass in these stars that is converted to seed black holes to be roughly less than 10%. In the case of supernovae, though an individual supernova is much brighter than the progenitor star, due to the shorter lifetime of order few months, the fractional contribution to the IRB remains at a level of 10% and below when compared to the same contribution from stars. The bright supernovae may, however, be directly detectable.
INTRODUCTION
The Wilkinson Microwave Anisotropy Probe (WMAP) has provided strong evidence for an optical depth for electron scattering of 0.17 ± 0.04 based on the large scale polarization pattern related to rescattering of Cosmic Microwave Background (CMB) photons (Kogut et al. 2003) . If the reionization process is described as instantaneous and homogeneous, the measured optical depth implies a reionization redshift of ∼ 17±5 in a spatially flat universe. Interestingly, the derived redshift for reionization is at the high end of expectations in models in which stellar populations are dominant reionization sources (e.g., Cen 2003; Fukugita & Kawasaki 2003; Venkatesan, Tumlinson & Shull 2003; Wyithe & Loeb 2003; Sokasian et al. 2004) . Thus, in some of these models, primordial stars, the so-called Population III stars, are assumed to be rather massive and hence has a large UV photon emission rate, as suggested by recent theoretical studies (e.g. Bromm, Coppi & Larson 2002; Abel, Bryan & Norman 2002) .
The formation of such massive stars in the early universe has many important cosmological implications (e.g., Carr, Bond, & Arnett 1984; Oh, Cooray Kamionkowski 2003; Yoshida, Bromm & Hernquist 2004) . Because radiation below the Lyman-limit is absorbed by neutral hydrogen, luminous sources at redshifts 10 and higher are generally seen only in the near-IR band. In particular, if Pop III stars are formed primarily at redshifts between 10 and 30, they are expected to contribute to the infrared background (IRB) light at wavelengths between 1 and 5 µm at present epoch. Recent estimates based on theoretical models suggest that a large fraction of the IRB total intensity may indeed be due to these stars (Santos et al. 2002; Salvaterra & Ferrara 2003; Cooray et al. 2004) . A substantial IRB could arise from the Pop III stars not only due to the direct emission associated with these stars, but also due to indirect processes that lead to free-free and Lyman-α emission from the ionized nebulae, or Hii regions, surrounding these stars.
Observationally, about 20-40% of the IR flux has been resolved to bright sources down to magnitude limits of order 25, say in the K-band (Cambrésy et al. 2001; Totani et al. 2001) . The missing IR flux could be either due to a high-z population of galaxies, such as the proto-galaxy population related to first stars (Santos et al. 2002; Salvaterra & Ferrara 2003) , or a population of low surface brightness galaxies at nearby redshifts. While there still remains uncertainties, one can potentially understand the presence of first luminous sources and some details related to their population, such as the number density, by characterizing the background light from optical to infrared at wavelengths of a few microns. In this wavelength range, final products of these massive stars c 0000 RAS are also expected to contribute to IRB, in addition to the direct emission from stars ; radiation from supernovae and primordial black holes, in the form of miniquasars, may be significant sources of emission. The role of final products in contributing to the IRB, relative to the progenitor stars, depends on the initial mass function of the first stars.
If the first stellar population is extremely top-heavy, with all mass above ∼ 260M⊙, then one expects a modest number density of black holes as the end state of such massive stars that lead to complete collapse to a black hole (Heger & Woosley 2002) . These black holes grow via accretion and/or mergers and may partly be responsible for early reionization if they radiate as miniquasars (Haiman & Loeb 1998; Madau et al. 2003; Ricotti & Ostriker 2004) . The UV output from such quasars, if not absorbed heavily by the surrounding torii, can contribute both to reionization and to the IR flux as viewed today. The unresolved soft Xray background at energies between 0.5 and 2 keV strongly rules out a large density of miniquasars at high redshifts as required to reionize the universe from the quasar emission alone (Dijkstra et al. 2004) . Similarly, we show that if all massive stars are eventually converted to black holes, the IR background is overproduced. A more realistic situation could be that the mass function is broad, and only a small fraction of the total initial stellar mass is converted to black holes; current understanding of the IRB may limit the mass fraction of stars above 260 M ⊙ to a level less than 10%.
The initial mass function of the first stars could potentially be dominated by stars with masses in the range between 140 and 260 M⊙. In this case, the final product will be a complete disruption of the star via the pair-instability process (Heger & Woosley 2002) . In the case of such massive stars, in general, one expects a typical supernovae to be much brighter than the star, suggesting that a modest contribution to the IRB could come from supernovae, when compared to the fractional contribution from stellar emission alone. However, though supernovae are in fact brighter than an average star, the duration over which most optical flux is emitted is relatively smaller. We show that this results in a small but non-negligible contribution to the IRB from supernovae associated with massive Pop III stars. While the background contribution is smaller, these supernovae are likely to be detectable directly in deep IR images between 1 µm and above down to magnitude limits at the level of 26 and fainter.
The discussion is organized as follows: in the next section, we discuss the contribution to IRB from the first generation of stars, supernovae, and miniquasars under the assumption that the early stellar population is dominated by very massive stars. In the case of supernovae, we will suggest that, while the relative contribution to the IRB may be lower, individual detections may be possible with deep-IR imaging. We also suggest that the IR background itself may be used to constrain the presence of early mini-quasars. Baryon Fraction in BHs
The global star formation rate density at redshifts greater than 10 calculated based on the Press-Schechter (PS) mass function with a minimum virial temperature of 400 K (top line) and 10 4 K (bottom line). Bottom panel: The baryon fraction in black holes as a function of redshift, under the assumption that the star-formation history related to the seed population follows the two curves shown in the top panel. We have assumed only a 10% of the mass in stars are convert to seed black holes. The three curves in each of the star-formation models follow a model description related to the duty cycle of accretion growth following models of Ricotti & Ostriker (2003) with parameters shown.
FIRST-SOURCES IN THE IR BACKGROUND
Our calculations of the first-source contribution to the IRB follow previous calculations in the literature related to the stellar contribution to the IRB (Santos et al. 2002; Salvaterra & Ferrara 2003; Cooray et al. 2004; Kashlinsky et al. 2004) . These studies involve two basic ingredients: (1) the rate at which the volume density of first-sources evolves and (2) the flux spectrum. We extend these calculations to supernovae and miniquasars, which have been so far ignored in previous estimates, under the assumption that (1) the supernova rate in the early universe traces that of the star formation and (2) the formation rate of miniquasars is simply related to the formation rate of seed black holes, taken to be proportional to the star-formation, and to a model description for accretion. We use a simple model to describe the spectrum and the light curve of supernovae. For mini- . The emission spectrum of a 100 M ⊙ star at a redshift of 15. In addition to the stellar spectrum (solid line), we also show the nebular Lyman-α emission (dashed lines) and free-free (dotted lines) of the ionized Hii region surrounding the star, when the UV end of the stellar-spectrum (thin solid line) is used to ionized the surrounding medium. We assume all ionizing photons are absorbed by the nebula. For comparison, we also show the spectrum of a miniquasar of the same mass (M BH,seed = 100M ⊙ ) at a redshift of 15, as viewed today (solid line labeled 'miniquasar'). The spectrum is computed using the template derived in Sazonov et al. (2004) . The bump around ∼ 10µm shows a possible contribution from thermal reradiation of UV photons by dust. While the overall flux from a miniquasar is similar to that of a star, we argue that the contribution to IRB from miniquasars could dominate stars because of their larger number density; quasars live longer than massive stars.
quasars, we make use of the average spectrum of quasars derived by Sazonov et al. (2004) . We assume that miniquasars radiate efficiently at the maximum allowed by the Eddington-limit.
Formation rates and background flux
In order to calculate the formation rate of first stars and the subsequent supernovae or seed black holes, we use an analytical description for halo formation following the PressSchechter formalism (Press & Schechter 1974) . We write the star-formation rate aṡ
where Mmin is the minimum mass of halos in which gas can cool, and we take the star-formation efficiency η = 0.4. We consider two cases with a minimum virial temperature of 400 K, involving molecular hydrogen, and 10 4 K involving atomic hydrogen line cooling. The respective star-formation rates are shown in Fig. 1 (top panel) . We mention that, although more detailed modeling of early star formation is available (e.g. Hernquist & Springel 2003; Yoshida et al. 2003) , the overall feedback effects from mini-quasars on star-formation are still uncertain (see, e.g. Machacek, Bryan, Abel 2003).
We thus prefer using the model described above for the sake of simplicity. Note that the minimum temperature T = 400K case likely provides a possible maximal star-formation rate.
Given the rate of formation, we can write the emissivity per comoving unit volume at a certain wavelength λ as a function of redshift z as
where Fν is the flux per steradian as a function of frequency and tage is the lifetime over which this flux is emitted. The cumulative background is obtained by integrating the emissivity over redshift, yielding the specific intensity Iν
where v obs is the observed frequency, ν(z) = (1 + z)v obs is the redshift scaling of the frequency, and r is the conformal distance or lookback time from the observer, given by r(z) = z 0 dz ′ /H(z ′ ) when the expansion rate for adiabatic cold dark matter cosmological models with a cosmological constant and a flat space-time geometry is
Here, we assume a cosmological model consistent with current data with values Ωm = 1−ΩΛ = 0.3.
We use a similar formalism to compute the background radiation intensities from stars, supernovae and miniquasars. We assume that the supernovae rate follows that of the starformation. For miniquasars, we follow Ricotti & Ostriker (2003) and write the growth rate of black holes aṡ
where the two terms represent the growth of black holes via accretion,ψac, and the formation rate of seed black holes, ψ seed . We ignore black hole removal process, such as through ejection from proto-galaxies, and takeψ seed (z) = fBHψ * (z) whereψ * (z), the star-formation rate, is given by Eq. 1 and fBH represents the overall fraction of stars converted to seed black holes. We model growth related to accretion asψac(z) = f duty (z)ψac(z)/t Edd , where Eddington time is set to be a constant at 10 8 years and use the same parametrization in Ricotti & Ostriker (2003) for f duty such that f duty (z) = [(1 + z)/zBH] φ . In Fig. 1 (bottom panel) , we show ψBH(z) normalized to the baryon density and assuming fBH = 0.1 for a variety of models related to f duty with parameters as labeled on the figure.
Source Spectra
The spectrum of stellar emission is computed as in Santos et al. (2002) , including the nebular and free-free emission. For the miniquasar spectrum, we make use of the model of Sazonov et al. (2004) . We assume that the Sazanov et al.'s template for the average quasars also applies to miniquasars. In Fig. 2 , we compare the spectrum of a typical star with 100M⊙ and that of a miniquasar at a redshift of 15, as viewed today. The miniquasars are assumed to radiate at the Eddington-limit such that the total integrated luminosity over the range from X-rays to far-infrared is ≈ 1.3 × 10 38 ergs s −1 (MBH/M⊙). As shown in Fig. 2 , the level of the incident flux from a typical star and a miniquasar is similar.
Miniquasars, however, may dominate the IR background as they live longer than the lifetime of a typical massive star (∼ 10 6 years). The spectrum and light curve for Population III supernovae were calculated by Heger et al. (2001) . In these calculations, the relevant IR emission, as observed today, characterizing the peak of the light curve, is delayed a month or so from the initial explosion and the resulting shock break out. The latter includes emission at short wavelengths, below the Lyman limit, in the supernova frame, which is likely be absorbed by the intergalactic medium at epochs prior to complete reionization. The peak of the light curve extends over a few months. In order to make a reasonable estimate of the supernovae contribution to the IRB, we use the peak emission and its duration only and ignore detailed aspects of the light curve when fluxes drop below more than a factor of 10 from the peak emission. Including the full light curve only leads to minor corrections at a a few percent level. While the peak emission is flat in the estimate by Heger et al. (2001) , to study any departures, we also allow the spectrum to vary as F λ ∝ λ α .
Infrared background
We summarize our results in Fig. 3 , where we show the contributions to total IRB light from stars, supernovae and miniquasars. In the case of stars, we divide the contribution to the three main components; direct emission from stars, Lyman-α recombination radiation from the ionized patch, and the free-free component related to electron-ion scatterings within each ionized patch surrounding these stars. Our calculations related to the IRB light due to stars are consistent with those in Santos et al. (2002) and Salvaterra & Ferrara (2003) , except that here we have assumed a slightly different redshift limit to the first generation of stars at a value of 10 instead of values such as 7 and 8 used in those calculations so as to explain the total missing content. Our results suggest that, while the emission associated with stars can explain most of the IRB intensities, the fractional contribution from supernovae is an order of magnitude smaller than the stellar emission contribution. The relative difference between stars and supernovae is easily understood based on the typical flux from a star vs. a supernovae and the ages over which these fluxes are emitted. Hz −1 (∼ 10 −3 nJy or mAB ∼ 39), while the peak flux of the supernovae at the same redshift is at the level of ∼ few times 10 −30 ergs cm −2 s −1 Hz −1 (∼ 1 µJy or ∼ mAB26). Even if all the stars at redshifts greater than 10 die as supernovae, though the instant flux is greater, the total output of (Fνtage) from supernovae is smaller than stars as the stellar emission lasts over a million years while the peak flux from supernovae lasts just over a month or so. Thus, the apparent high ratio of the peak luminosity is largely compensated by the age difference so that the typical ratio of a supernova to stellar flux remains at most at the level of ∼ 0.1.
Intriguingly, redshifted light from early miniquasars can also explain the IR excess at wavelengths around 1 µm, as shown in Fig 3(c) . In fact, if all stars collapse to become seed black holes, we find that the flux from miniquasars that grow down to z ∼ 10 will exceed the measured IR fluxes by an order of magnitude or more. A fractional contribution of ∼ 5% to 10% of initial stellar mass to seed black holes appears consistent with observations. Since the typical stellar age is ∼ 10 6 years, at a redshift of around 10, using the highest star-formation rate in Fig. 1 (top panel) , one finds a typical density of order a few times 10 6 M⊙ Mpc −3 in stars. From the bottom panel of Fig. 1 , one finds that the density of miniquasars is typically ∼ 10 8 M⊙ Mpc −3 . This apparent increase in miniquasar density, however, is compensated by the fact that the miniquasars flux, at relevant wavelengths, is roughly an order of magnitude smaller than that of a typical very massive star (see Fig. 2 ). The exact numerical calculation reveals that the miniquasars do dominate the background if the fraction of stars converted to seed black holes is large. In other words, the IRB offers a useful way to constrain the presence and abundance of miniquasars at z > 10; an initial mass fraction of black holes, relative to stars, of order 10% and below seems consistent with current observations. This also suggest that the universe cannot be reionized by early quasars alone. For reference, we show in Fig. 3 a representative case (thick dot-dashed line) when the UV flux from miniquasars are absorbed by neutral IGM during the reionization process. Integrating the UV light below the hydrogen Lyman-limit, at z ∼ 10, we find a ratio of number density of photons relative to mean density of baryons at the level of 0.3; to fully reionize, one would expect this ratio to be at least unity or as high as 10 given the recombinations. Note also that ionization by a combination of hard X-rays and secondary electrons does not lead to complete ionization, as argued by Madau et al. (2004) . Our constraint on the mass fraction of miniquasars is independent of similar suggestions in the literature, for example, based on the unresolved X-ray background (Dijkstra et al. 2004 ). These authors suggest that the X-ray background would be violated by a population of miniquasars if they are responsible for complete reionization. Instead of their approach, assuming a seed miniquasar mass fraction of 10%, with a normalization given by the Eddington-limit to define the quasar spectrum, we find that the X-ray background constraint at 1 keV is not violated by the same population that is consistent with the IRB measurements.
Our constraint from the IRB could be relaxed if the rest UV and optical emission from the miniquasar population is heavily absorbed by dust; extinction by inter-galactic dust is, however, unimportant at z > 10 unless nearly all the first stars die as pair-instability supernovae (see Yoshida et al. 2004) . If the inter-galactic absorption is significant, the reradiation by thermal dust at Far IR wavelengths at ∼ 100µm and above can still be used to put limits on their abundance. While ∼ 40% of the 850 µm and 350 µm backgrounds have now been resolved, the counts are such that a small extrapolation to a slightly lower flux density resolves the whole background (Borys et al. 2003) . This, when combined with IRB measurements, suggests that a substantial Figure 3 . The cosmic infrared background due to Population III stars (a), first supernovae (b), and miniquasars (c). In each of these panels, we show our calculations using the star formation rate density as estimated from the PS mass function with a minimum temperature for collapse of 400 K (top curves), but illustrate the case -with one bottom curve -when the the minimum temperature is set to be 10 4 K. The data points and upper limits are related to unexplained IRB intensities from measurements and calculations in the literature. For reference, we show the same observational data as the ones plotted in Fig. 6 of Santos et al. (2002) and we refer the reader to that paper for details. Note that these background measurements are corrected for the known contribution from Galactic stars and galaxies down to magnitude limits of order 25 (e.g., Cambrésy et al. 2001 ). In the case of stellar contribution to the IRB shown in Panel (a), we show the contribution from stellar emission alone (dotted line), associated Lyman-α emission due to recombinations in the ionized patches surrounding individual stars (long-dashed line), the free-free emission due to electron/ion scattering within individual ionized patches (dashed line), and the sum of these three contributions (solid line). In the case of supernovae, in Panel (b), the three curves assume spectra for supernovae emission of λ α with α = 0, −0.5, −1.0 from top to bottom at a wavelength of 10 µm. In the case of miniquasars (c), we consider three models for the accretion duty cycle as plotted in Fig.1 (bottom panel) with parameters given in that figure. The thick dot-dashed line is a representative case when the UV photons from miniquasars are absorbed by neutral IGM.
population of "dusty" miniquasars is unlikely to be present at high redshifts.
Although these current constraints are somewhat uncertain, one can improve the limit related to the mass fraction of seed black holes further by improving IRB measurements. In Fig. 3(c) , we show the 1σ noise, or detection, level related to a planned low-resolution spectroscopic background measurement on a rocket experiment (T. Matsumoto, private communication) for IRB fluctuation studies (Cooray et al. 2004 ). The detection limit comes from the addition of 400 spectra over a 30 second integration time at an altitude above 300 km (which removes the air-glow) and after a foreground source subtraction down to 14, 15.9 and 16.3 magnitudes in I-, J-and K-bands. The background can be measured to a level of 1 nW m −2 sr −1 ; Such a measurement would help establish the excess above Galactic stars and foreground sources better than what is currently known and, in return, limit the extent to which high-z sources, either in the form of stars and/or miniquasars, may be present.
SUMMARY AND DISCUSSION
The cosmic infrared background (IRB) at wavelengths between 1 µm and 3 µm provides a useful probe of the global star-formation rate prior to and during the reionization. We have studied the relative contributions from first stars, supernovae and early miniquasars to the infrared background (IRB). In addition to massive stars, the IRB flux may be dominated by a population of miniquasars, especially if the first generation of stars are very massive and the end product of stars lead to a substantial population of black holes that will effectively radiate as miniquasars during accretion. Based on our current knowledge of the IRB, we find that a mass fraction of seed black holes, relative to Pop III stars, at the level of ∼ 10% and below is consistent with observations. While the integrated light from Population III supernovae to the IRB is subdominant, one can potentially consider the possibility of directly detecting individual supernovae in high resolution deep IR imaging data. Given the star formation rate density and the expected flux, we estimate the surface density of supernovae to be order few tens per sqr. degree over a year, if the star-formation rate is close to 0.5 M⊙ yr −1 Mpc −3 , and assuming that all stars are massive (> 100 M⊙). For the high redshift supernovae, the typical magnitudes are at the level of 26 in 1.5 µm. These are within reach of deep IR imaging with existing large telescopes and from space and, in the long term, clearly within reach of missions such as the Next Generation Space Telescope (NGST), which can detect point sources down to a magnitude limit of 31 around the same wavelengths in a 10 4 sec exposure in its 16 arcmin 2 field of view.
